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Chemical Mechanism of Suppression of Copper
Electrodeposition by Poly(ethylene glycol)
Kurt R. Hebert,*,z Saikat Adhikari,** and Jerrod E. Houser**
Department of Chemical Engineering, Iowa State University, Ames, Iowa 50011, USA
Poly~ethylene glycol! ~PEG! is an important additive to electroplating baths used for the deposition of copper interconnects on
semiconductor wafers. In an earlier paper, Yokoi et al., Denki Kagaku oyobi Kogyo Butsuri Kagaku, 52, 218 ~1984! found a direct
relationship between the deposition rate in the presence of PEG and chloride ions with the open-circuit potential measured after
plating, suggesting that the rest potential reflects the chemical state of reactive copper ions within a surface polymer film. Here,
these measurements were corroborated and then interpreted in terms of a proposed mechanism of copper deposition in the
presence of PEG. In this mechanism, aqueous Cu2+ ions are reduced to an intermediate complex at the PEG-Cu interface detected
earlier by Raman spectroscopy @Z. V. Feng et al., J. Phys. Chem. B, 107, 9415 ~2003!#, in which Cu+ ions associate with adsorbed
Cl− ions and ether oxygen ligands of PEG. The rest potential measurements are quantitatively explained on the basis of compe-
tition for these ligands at open circuit with Cu2+ ions absorbing from solution. The results indicate that deposition is mediated
though ions partially solvated with the polymer, the concentration of which is controlled by the PEG concentration and molecular
weight. PEG then behaves as a polymer electrolyte film as opposed to a passive barrier.
© 2005 The Electrochemical Society. @DOI: 10.1149/1.1882112# All rights reserved.
Manuscript submitted May 17, 2004; revised manuscript received November 26, 2004. Available electronically April 7, 2005.
Polyethylene glycol fsCH2 u O u CH2dng, or PEG, is widely
used as an additive to acid sulfate Cu electroplating baths, where it
acts to reduce the deposition rate. It is an essential component of
damascene baths used for deposition of on-chip interconnects, in
which it promotes filling of submicrometer cavities by suppressing
deposition on surfaces outside the cavities.1-3 Several studies rel-
evant to the suppression mechanism have been carried out.4-14 Sup-
pression is considered to be due to an adsorbed polymer layer, and
requires a polymer molecular weight of at least ,1000 g/mol and
the presence of Cl− ions in the bath at a concentration of the order of
1 mM. Yokoi et al. proposed that Cu+ or Cu2+ ions coordinate with
oxygen atoms of PEG and at the same time with Cl− ions adsorbed
on Cu, in order to bind the polymer to the surface.4 They explained
the minimum molecular weight for suppression in terms of the num-
ber of monomer units participating in the complex. The molecular
structure of the PEG layer has been investigated using surface-
enhanced Raman spectroscopy ~SERS!.6,8,14 Recently, Feng et al.14
showed that the spectra were consistent with a Cu+-PEG surface
complex, as suggested originally by Yokoi et al. Each Cu+ ion in the
complex was coordinated with an adsorbed Cl− ion and two oxygen
atoms along the polymer chain. Although this cuprous complex
helps explain the binding of the PEG film to copper, there is at
present no widely accepted chemical explanation for the suppression
of deposition. Different roles for the PEG have been proposed, for
example, a blocking layer possibly containing defects,2,6,10 a diffu-
sion barrier,5 or an agent for chemical complexation of reactant
ions.14,15
In their paper, Yokoi et al. reported systematic measurements of
the rest potential sERd after deposition.4 ER was tens of millivolts
negative of the open-circuit potential ~OCP! in PEG-free solutions,
and it varied with deposition potential as well as with PEG molecu-
lar weight and concentration. In solutions containing 2 mM Cl−, ER
increased linearly with deposition potential for potentials more posi-
tive than −150 mV vs. a Cu reference electrode, but it decreased
linearly with potential at more negative potentials than this value
~Fig. 1!. The electrode used as a reference in this figure, and else-
where in the paper, is that used by Yokoi et al., i.e., a Cu electrode
in a PEG-free solution of 0.4 M CuSO4 and 0.5 M H2SO4. A direct
relationship was found between ER and the deposition current den-
sity, which held over a wide range of polymer molecular weights
and concentrations ~Fig. 2!. Yokoi et al. suggested that ER reflects
the condition of the adsorbed PEG film during deposition; from their
results, the film properties determining ER apparently control the
deposition rate. They did not, however, pursue the mechanistic im-
plications of the slopes of the straight lines in Fig. 1 and 2, which
may relate to the stoichiometry of reactions important in the func-
tion of the PEG layer. The dependence of ER on molecular weight
was later corroborated by Reid and David,5 who also reported that
after deposition, the OCP was initially close to 0 mV on the scale in
Fig. 1, but then shifted in the cathodic direction, to values typical of
those measured by Yokoi et al.
The present article offers an interpretation of the rest potential
measurements of Yokoi et al.4 The interpretation is based on the
PEG-Cu+-Cl− complex recently revealed by SERS,14 and it is used
to justify values of the straight line slopes appearing in Fig. 1 and 2.
It is argued that these measurements are relevant to the structure of
the polymer film, as well as to the film properties controlling the
suppression of Cu deposition. The analysis given here is subject to
experimental corroboration; however, if confirmed, it can serve as a
basis for further mechanistic studies of additive effects in copper
damascene plating. Although the results of Yokoi and Reid suggest
an interpretation of ER based on the kinetics of copper deposition,
before proceeding on this basis, it is important to establish the sen-
sitivity of ER to stirring of the plating bath and the presence of
dissolved oxygen. Hence, experiments are described in which this
information was obtained.
Experimental
Electrodes were prepared by electrodepositing copper on a Pt
rotating disk electrode ~diam 5.0 mm!. The electrodes were depos-
ited without rotation, at a constant current density of 10 mA/cm2,
from a solution of 0.4 M CuSO4 and 0.5 M H2SO4. Based on the
deposition time of 15 min, the copper film thickness was 3.3 µm.
Polarization was applied using a potentiostat/galvanostat ~Schlum-
berger 1286! and a Pt wire counter electrode. All solutions were
prepared using reagent grade chemicals and deionized water ~Barn-
stead Nanopure!. After copper film deposition, PEG ~Fluka,
20,000 g/mol Mw! and NaCl were added to the solution, to obtain
concentrations of 0.02 g/L PEG and 2 mM Cl−. This bath composi-
tion was the same as that used by Yokoi et al.4 Deposition was
continued at an applied potential of −96 mV for 5 min, and then the
electrode was switched to open circuit and the potential recorded vs.
time. All potentials in this paper are referenced to a copper reference
electrode in a solution of 0.4 M CuSO4 and 0.5 M H2SO4 but no
PEG, the same reference electrode used by Yokoi et al. The elec-
trode was rotated during the constant potential and open-circuit pe-
riods, using a Pine Instruments AFMSRX rotator. When deaerated
solutions were desired, nitrogen was bubbled through them for 30
min prior to use in the copper plating cell.
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Results and Discussion
OCP measurements.—Figure 3 shows the OCP as a function of
time after deposition at a potential of −96 mV vs. the Cu reference
electrode. Upon switching to open circuit, the potential increased
abruptly to around 30 mV, then within 10 s decreased to a relatively
stable negative value, and finally decayed over 10-12 min to
−22 mV. In oxygen-containing solutions, the potential prior to the
slow decay was −50 to −56 mV. These potentials compare favor-
ably with the ER values reported by Yokoi et al. at the same applied
potential ~Fig. 1!, and hence corroborate the earlier measurements.
In the present paper, ER denotes the rest potential at the beginning of
the slow decay; Yokoi et al. showed that this potential correlates
with the deposition potential and rate, and it is therefore of mecha-
nistic significance. Neither ER nor the potential decay time was sen-
sitive to the rotation speed, indicating that the rest potential is not
determined by processes whose rates are influenced by mass trans-
port. Such processes may include diffusion of cuprous ions away
from the copper surface, or cathodic reduction of dissolved oxygen.
In the deaerated solution, Fig. 3 shows that the OCP transient
was strongly attenuated; the potential at the start of the slow decay
was −30 mV, only 8 mV negative of the final steady-state potential.
It is argued here that ER is determined by the concentration of cu-
prous ions, either in the polymer or in solution near the copper
surface. In oxygen-saturated solutions, Cu+ ions in solution would
be rapidly consumed by homogeneous oxidation with dissolved oxy-
gen. Therefore, Fig. 3 suggests that ER is close to the steady-state
potential when Cu+ ions are present in solution, but when these ions
are absent ER assumes values of at least −50 mV, which are stable
for ,10 s. The latter values depend on the polymer molecular
weight and concentration ~Fig. 2!, as well as on the applied potential
~Fig. 1!. Thus, the analysis that follows proposes a relationship be-
tween ER and the Cu+ concentration in the polymer during deposi-
tion, which applies in aerated solutions. ER is instead determined by
solution-phase Cu+ ions, when, as in deaerated solutions, their con-
centration is sufficiently high.
Copper deposition kinetics in additive-free solutions.—Using
the kinetic model for the copper electrode, the potential dependence
of ER in Fig. 1 can be related to that of the Cu+ concentration at the
metal surface during deposition. In this section, a review of the
kinetics of copper deposition in polymer-free solutions is presented,
which serves as a basis for the model for open-circuit behavior in
the presence of PEG. Copper plating occurs in two steps in additive-
free acid baths
Cu+2saqd + e−  Cu+saqd f1g
Cu+saqd + e−  Cu f2g
with the first step kinetically slow compared to the second.16-19 The
corresponding kinetic expressions for the molar rates of steps 1 and
2 are
r1 = kC1fCu+2gexpS−b1FERT D − kA1fCu+gexpS s1 − b1dFERT D f3g
Figure 1. Rest potentials measured by Yokoi et al.4 after Cu deposi-
tion from solution containing 0.02 g/L PEG with Mw
20,000 g/mol, 0.4 M CuSO4, 0.5 M H2SO4, and 2 mM HCl. Symbols cor-
respond to experimental measurements, dashed lines to model from this
work. Potential is with respect to copper electrode in PEG-free solution
containing 0.4 M CuSO4 and 0.5 M H2SO4.
Figure 2. Deposition current densities vs. rest potentials after Cu deposition,
as obtained by Yokoi et al.4 PEG concentrations ranging from 2 3 10−3 to
2 g/L PEG, molecular weights as indicated, all solutions with
0.4 M CuSO4, 0.5 M H2SO4, and 2 mM Cl−. Potential is with respect to
copper electrode in PEG-free solution containing 0.4 M CuSO4 and
0.5 M H2SO4. For a given molecular weight, higher PEG concentrations
correspond to smaller current densities and more negative potentials.
Figure 3. OCP vs. time after cathodic polarization at −96 mV, showing
effects of disk rotation speed and deaeration. Potentials are with respect to
copper electrode in PEG-free solution containing 0.4 M CuSO4 and
0.5 M H2SO4. Plating bath consisted of 0.4 M CuSO4, 0.5 M H2SO4, 2 mM
HCl, and 0.02 g/L PEG with Mw 20,000 g/mol.
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r2 = kC2fCu+gexpS−b2FERT D − kA2 expF− s1 − b2dFERT G f4g
where E is the applied potential, kC1, kA1, kC2, and kA2 are rate
constants, and b1 and b2 are charge-transfer coefficients. During
deposition at steady state, r1 and r2 are equal, and so the plating
current is i = −2Fr1. Because Reaction 1 is slow, the anodic partial
reaction of 1 may be neglected during deposition, and hence the
deposition rate follows Tafel kinetics according to the cathodic term
in Reaction 1.
On open circuit after deposition, the condition of zero net current
from Reactions 1 and 2 requires that the overall reaction is
Cu+2saqd + Cu  2Cu+saqd f5g
Reaction 5 proceeds to the right after copper deposition and to the
left after dissolution, as illustrated by the schematic of Fig. 4. After
deposition, the Cu+ concentration at the electrode surface builds up,
and the potential drifts in the anodic direction, until a steady state is
reached where formation of Cu+ balances its removal by the com-
bination of reaction with dissolved oxygen and diffusion to the bulk.
Because of the fast kinetics of the Cu+/Cu reaction, the OCP is close
to the equilibrium potential of Reaction 2, corresponding to the
steady-state Cu+ concentration
E2 = E2
0 +
RT
F
lnfCu+g f6g
i. e., 0 mV on the scale used in Fig. 1-3.
Relationship of ER to Cu+ concentration during depo-
sition.—Because the potential at steady state in Eq. 6 is independent
of the deposition potential, it is inconsistent with the behavior
of ER in PEG solutions ~Fig. 1!. Thus, the polymer film may
inhibit the increase of the Cu+ concentration by Reaction 5 on
open circuit, such that the rest potential is determined by E2
at the Cu+ concentration during deposition. In this context, it
is worthwhile to consider measurements of the potential dependence
of the Cu+ concentration during deposition from additive-free
solutions, which were carried out by Yokoi et al. using rotating
ring-disk electrode voltammetry.19 Similar experiments using
indicator electrodes to sense the Cu+ concentration had been
reported by Molodov et al.18 At potentials within about 160
mV of the OCP, Yokoi et al. found that the Cu+ concentration
decreased with more negative potentials, according to the Nernst
equation of Reaction 2
fCu+g = expfFsE − E20d/RTg f7g
This relationship was followed because, over this potential range,
Cu+ formed much more rapidly by the anodic partial reaction
of 2 than by Reaction 1. However, at potentials more than 160
mV cathodic to open circuit, the Cu+ concentration increased
exponentially with more negative potentials. In this range, the
overpotential was negative enough to overcome the slow kinetics
of Reaction 1, and so Cu+ ions were formed much faster by
the cathodic component of Reaction 1 than by the anodic component
of 2. Because both Reactions 1 and 2 were then effectively
irreversible, the Cu+ concentration obeyed
fCu+g =
kC1fCu+2g
kC2
expF sb2 − b1dFERT G f8g
where b1 = 0.60 from the Tafel slope and b2 = 0.26.
On the basis of Eq. 6 and 7, the rest potential would increase
with applied potential at potentials more positive than about
−160 mV, with a slope of dER/dE = 1. At potentials more negative
than −160 mV, ER would decrease with E according to Eq. 6 and 8,
dER/dE = b2 − b1 = −0.34. Although the sign change of the slope
at −160 mV is qualitatively consistent with Fig. 1, the expected
slopes in the two regions are each about a factor of two larger than
the experimental slopes of approximately 0.5 and −0.2. The same
concepts can be applied to the dependence of ER on the deposition
current density, in Fig. 2. At molecular weights higher than
1000 g/mol, the figure indicates a logarithmic relationship accord-
ing to dER/ d log i > 30 mV. According to Fig. 1, this overpoten-
tial is in the region where Reaction 2 is irreversible. Combination of
the cathodic term of Eq. 3 with Eq. 6 then leads to the expected
slope dER/ d log i = 2.303RT /F , or 60 mV, twice the experimen-
tal value. Therefore, the simple concept, that the rest potential is
close to the equilibrium potential of the Cu/Cu+ reaction ~Eq. 6!,
leads to dependences of ER on both E and log i, which are qualita-
tively similar to those obtained experimentally. However, in quanti-
tative terms, the expected slopes are a factor of two large in both
cases. Such a discrepancy may be attributable to a different stoichi-
ometry of reactions on the polymer-copper interface compared to
Reaction 2, which applies to copper-aqueous solution interfaces.
Proposed kinetic model in PEG-containing solutions.—A reac-
tion mechanism for the PEG-filmed copper electrode is now pre-
sented which is consistent with experimental rest potential measure-
ments. The proposed reaction scheme is based on Reactions 1 and 2,
but assumes that the cuprous intermediate is the complex at the
polymer-copper interface which was identified by Feng et al.14 In
this complex, a Cu+ ion is coordinated with a Cl− ion adsorbed on
the copper metal and two ether oxygen atoms belonging to PEG
Cu+2saqd + Cl−sadd + 2h−EtO−j + e−  Cu+h−EtO−j2Cl−sadd
f9g
Cu+h−EtO−j2Cl−sadd + e−  Cu + 2h−EtO−j + Cl−sadd f10g
where −EtO− represents an ether oxygen ligand on the polymer
chain. The corresponding kinetic equations during deposition are
Figure 4. Schematic current-potential plot showing dissolution and deposi-
tion conditions ~dashed circles!, and open-circuit conditions following disso-
lution or deposition ~solid circles!. The slope of the kinetically fast Cu/Cu+
reaction is larger than that of the slow Cu2+/Cu+ reaction. The near-electrode
Cu+ concentration is smaller during deposition compared to dissolution; thus,
the zero-current potential of the Cu+/Cu reaction is more negative. The sche-
matic shows that the open-circuit reaction after deposition forms Cu+ ions,
while that after dissolution consumes Cu+ ions. The block arrows indicate the
drift of the OCP due to the changing Cu+ concentration.
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r1 = kC1fCu+2saqdgGSs1 − uCu+dexpS−b1FERT D
− kA1GSuCu+expF s1 − b1dFERT G f11g
r2 = kC2GSuCu+expS−b2FERT D − kA2GSs1 − uCu+dexpF s1 − b2dFERT G
f12g
GS is the concentration per unit area of sites at the polymer/metal
interface, where an adsorbed Cl− ion and two −EtO− ligands are
close enough so a bridging Cu+ ion can form a Cu+h−EtO−j2Cl−
complex. Such sites should be numerous, as Cl− is adsorbed at
monolayer coverage at the chloride concentrations ,1 mM typi-
cally used with PEG.20,21 uCu+ is the fractional occupancy of sites
with Cu+h−EtO−j2Cl− complexes. Values of the rate constants in Eq.
11 and 12 would be different than those in PEG-free solutions.
The steady-state deposition current density is i = −2Fr1. As for
deposition in PEG-free solutions, Reaction 9 is assumed to be ki-
netically slow, and so only the cathodic term in Eq. 11 is important
during deposition. Therefore, the experimentally obtained Tafel be-
havior suggests that uCu+ ! 1, that is, that most of the sites are
unoccupied. Alternative mechanisms were considered in which ab-
sorption of aqueous Cu2+ ions was kinetically limited. However, in
this case, the concentration of absorbed Cu+2 ions varied with the
rate of consumption of these ions by Reaction 9, and thus depended
on potential. Tafel kinetics consistent with experimental observa-
tions were not found. The attenuation of the rest potential in deaer-
ated solutions ~Fig. 3!, as well as a prior quartz crystal microbalance
study13 suggest that aqueous Cu+ ions are formed under open circuit
or under anodic polarization. In the proposed reaction scheme, this
indicates that the Cu+h−EtO − j2Cl− complexes are subject to disso-
ciation into dissolved cuprous ions.
Upon switching to open circuit after deposition, the direction of
Reaction 12 changes from cathodic to anodic, and the net current is
zero. That is, the disproportionation reaction
Cu + Cu+2saqd + 4h−EtO−j + 2Cl−sadd
 2Cu+h−EtO−j2Cl−sadd f13g
proceeds to the right. Because the typical overpotential on open
circuit is small, the Cu/Cu+ Reaction 10 is near equilibrium. The rest
potential is then determined by the equilibrium potential of Reaction
10
E2 = E2
0 +
RT
F
ln
fCu+h−EtO−j2Cl−saddg
f−EtO−g2fCl−saddg
f14g
Thus, the rest potential is a function of the concentration of Cu+
complexes, which is determined as in the previous section, by the
balance of the rates of Cu+ formation and consumption at the depo-
sition potential ~Eq. 11 and 12!. However, Eq. 14 indicates that the
rest potential also depends on the concentration of free −EtO−
ligands.
On open circuit, it is considered that −EtO− ligands in the poly-
mer are subject to competitive complexation by cupric ions ab-
sorbed from solution. Complexation of Cu+2 with PEG in aqueous
solutions was suggested by Stoichev and Tsvetanov on the basis of
conductivity measurements15,22 according to the stoichiometry
Cu+2saqd + 4h−EtO−j  Cu+2h−EtO−j4 f15g
This complexation is further supported by paramagnetic resonance
measurements which detected aqueous Cu2+ ions in molecular-scale
cavities in the polymer.23 On open circuit, Cu2+ ions should accu-
mulate in the polymer to higher concentrations than those found
during deposition, because they are consumed by cathodic reduction
at a lower rate than that the deposition potential. The high Cu2+
concentration in solution suggests that the rate of Cu2+ absorption
may be much more rapid than Reaction 13. If this is the case, nearly
all the available −EtO− ligands react with Cu2+ ions before the
Cu+h−EtO−j2Cl− concentration has appreciably increased from its
value during deposition. At this point, a quasi-steady-state condition
would be obtained in which formation of new Cu+h−EtO−j2Cl−
complexes is blocked by the low concentration of free −EtO−
ligands.
The concentration of −EtO− ligands in the polymer is
determined in the following manner. Because the adsorbed
Cu+h−EtO−j2Cl− complexes bind polymer molecules to the copper
surface, the quantity of these complexes present during deposition
determines the number of polymer molecules attached to the sur-
face. The adsorbed polymer molecules all have a characteristic num-
ber of −EtO− ligands, dependent on molecular weight and possibly
conformation, which on open circuit are available for binding of
Cu2+ ions. Hence, the concentration of −EtO− ligands is propor-
tional to the surface concentration of Cu+h−EtO−j2Cl− complexes
during deposition,
f−EtO−g + 4fCu+2h−EtO−j4g = sfCu+h−EtO−j2Cl−saddg f16g
where s is the characteristic number of −EtO− ligands per complex.
It is assumed that Cu2+ absorption reaches equilibrium on open cir-
cuit, and that the number of ligands complexed with Cu2+ greatly
exceeds the number of free ligands. The open-circuit concentration
of −EtO− is then given by
f−EtO−g = S s4KA fCu
+h−EtO−j2Cl−saddg
fCu+2saqdg D
1/4
f17g
where KA is the equilibrium constant of Reaction 15.
The OCP ER1 after deposition is found by inserting Eq. 17 into
Eq. 14 to obtain
E2 = E2
0 +
RT
2F
lnS s4KAD + RT2F lnfCu
+h−EtO−j2Cl−saddgfCu+2saqdg
fCl−saddg2
f18g
In a plating bath with given concentrations of Cu2+ and Cl−, all
factors in Eq. 18 are fixed except for the concentration of Cu+ com-
plexes, which is determined by the conditions of deposition. Thus,
as in Eq. 6, ER1 varies linearly with the logarithm of the concentra-
tion of Cu+ intermediate, but with a proportionality factor of RT/2F
as opposed to RT/F in the case of Eq. 6. As shown below, this
difference accounts correctly for the experimental slopes in Fig. 1
and 2. The abrupt increase and decrease of the OCP upon switching
to open circuit ~Fig. 3! may be due to consumption of oxygen ab-
sorbed in the polymer film, after which the potential is determined
by Eq. 18. The slow decay over 10-12 min is tentatively attributed to
slow adsorption of additional polymer molecules, which would in-
crease the concentration of Cu+h−EtO−j2Cl− complexes compared
to that present during deposition.
The kinetic model of the PEG-covered copper electrode can also
be applied to predict the rest potential after anodic polarization, for
which experimental data are shown in Fig. 1. During copper disso-
lution, the concentration of Cu+h−EtO−j2Cl− would be high, so that
the equilibrium potential of the kinetically facile Cu/Cu+ reaction
~Eq. 10! is positive to that of the relatively sluggish Cu2+/Cu+ reac-
tion ~Eq. 9!. On open circuit following dissolution, the direction of
Reaction 10 would change from anodic to cathodic ~see Fig. 4!, and
so the disproportionation Reaction 13 proceeds from right to left as
written. In this direction, free −EtO− ligands are formed and Cu+h
−EtO−j2Cl− complexes consumed. In contrast to the situation at
open circuit after deposition, changes of the Cu+h−EtO−j2Cl− con-
centration would not be blocked, as the complexed Cu+ ions can
simply be reduced to copper metal. Therefore, both Reactions 9 and
10 would reach equilibrium, resulting in a condition satisfying the
disproportionation equilibrium
C327Journal of The Electrochemical Society, 152 ~5! C324-C329 ~2005!
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KD =
fCu+h−EtO−j2Cl−saddg2
fCu+2saqdgf−EtO−g4fCl−saddg2
f19g
where KD is the equilibrium constant of Reaction 13. The rest po-
tential at this condition is determined by combining Eq. 19 with Eq.
14
ER2 = E2
0 +
RT
2F
lnsKDfCu+2saqdgd f20g
In contrast to Eq. 18, ER2 in Eq. 20 is independent of the applied
potential during dissolution, as well as the polymer mole-
cular weight and concentration. Because the concentration of
Cu+h−EtO − j2Cl− can decrease on open circuit but cannot increase,
ER should be given by Eq. 18 when ER1 from that equation is more
negative than ER2, but should otherwise be ER2.
Comparison of kinetic model with experimental
measurements.—A numerical calculation of ER is now presented for
comparison with the experimental data in Fig. 1. The concentration
of Cu+h−EtO − j2Cl− complexes is determined by setting r1 = r2 in
Eq. 11 and 12, with the assumption uCu+ ! 1 as mentioned earlier.
Then ER after cathodic polarization is found from Eq. 20, to obtain
ER1 = a +
RT
2F
ln5 expS
s1 − b2dFE
RT D + l expS−b1FERT D
expS−b2FERT D + lKeq expS s1 − b1dFERT D6
f21g
The parameters l, Keq, and a are defined by l
= kC1fCu2+saqg/kA2, Keq = exps−2FER2/RTd, and a = E2
0
+ RT/2Flnss/4KAd + RT/2FlnkA2/kC2. Figure 1 shows the calcu-
lated ER for both cathodic and anodic applied potentials, along with
the experimental results. b1 and b2 were assumed to be the same as
in polymer-free solutions, 0.60 and 0.26 respectively. The value of l
determines the potential at which the slope changes from positive to
negative values, and was set to 2.74 3 10−3 to fit the experimental
potential at the slope change. The constants ER2 and a were chosen
as −14.9 and −12 mV, to match respectively the limiting ER at
anodic applied potentials and the applied potential at which the
slope changes to zero. Thus, while the intercepts of the straight line
segments in Fig. 1 are determined by fitting, the slopes of these
segments are fixed by the model. The figure demonstrates that these
slopes agree with the experimental slopes in the three distinct po-
tential regions.
Note that along with the data shown in Fig. 1 and 2, Yokoi et al.
investigated solutions free of Cl− ions, in which the deposition ki-
netics were suppressed by PEG only at potentials anodic to
−150 mV. At this potential, deposition abruptly activated, appar-
ently due to PEG desorption. However, more recent investigations
have found that deposition kinetics in solutions with PEG but no Cl−
are the same as those with no PEG, indicating that the presence of
chloride is necessary to form the suppressing polymer film.24 The
potential-dependent suppression found by Yokoi et al. in nominally
Cl−- free solutions is likely due to chloride contamination, because
similar behavior has been reported more recently in baths containing
very low chloride concentrations of 10−5 to 10−4 M.11 The critical
potential for activation of deposition in these solutions is associated
with incorporation of adsorbed Cl− in the copper film during plating
and does not indicate an intrinsic potential dependence of polymer
adsorption.12,25
The relationship between the rest potential and the deposition
current in Fig. 2 can be explained on the basis of Eq. 18. At the
potential of −160 mV used for this set of experiments, both Reac-
tions 9 and 10 are irreversible, and so the deposition current density
is proportional to the concentration of Cu+ complexes ~i.e., to
GSuCu+ in Eq. 12!. Then from Eq. 18, the predicted slope
dER1
d log i
= 2.303RT2F , or 30 mV at the temperature of 30°C used in Ref. 4. This
value agrees quantitatively with the data in Fig. 2 at molecular
weights higher than roughly 1000 g/mol. Therefore, the model ac-
counts for the slopes relating ER to both the applied deposition po-
tential and the deposition current density. For molecular weights
below about 1000 g/mol, Fig. 2 shows that the measurements devi-
ate from this relationship, and that, as the polymer concentration is
reduced, the current density approaches a value of approximately
70 mA/cm2 comparable to that obtained in PEG-free solutions.
Thus, it is likely that molecular weights less than 1000 g/mol favor
a discontinuous polymer film which exposes areas of copper surface
to the solution.
Several mechanistic inferences can be drawn from the proposed
kinetic model for copper deposition in the presence of PEG. First,
the relationship between ER and the current indicates that deposition
occurs predominantly through interfacial sites at which Cu+ ions can
be complexed with both PEG and adsorbed chloride. In other words,
pinholes or other defects in the PEG layer do not play a significant
role in deposition, as has been suggested earlier.2,6,10 Second, the
participation of these sites in deposition suggests that the population
of Cu+h−EtO−j2Cl− complexes binding the polymer to the surface is
not static, but changes dynamically as the Cu+ ions are consumed by
reaction, while new complexes are formed by Cu2+ reduction and
Cu oxidation. Third, the interfacial sites are directly accessible to
aqueous Cu2+ ions, indicating that they reside in portions of the
polymer film where the molecular conformation is relatively open.
Finally, the number of sites is controlled by the polymer molecular
weight and concentration, decreasing with increases of these vari-
ables. This suggests that higher molecular weight and concentration
favor less open conformations of the PEG layer, in which there are
fewer sites permitting dynamic exchange of copper ions between the
solution and the polymer/copper interface.
Conclusions
A chemical mechanism for copper electrodeposition in the pres-
ence of PEG and chloride ion plating bath additives was presented.
PEG and chloride together function to suppress the deposition rate.
In the proposed reaction pathway, aqueous cupric ions are first ca-
thodically reduced to form a Cu+ complex with adsorbed Cl− ions
and ether oxygen atoms of PEG, which is located at the interface
between a surface polymer film and the metal. The cuprous complex
is then further reduced to copper metal. The complex had been iden-
tified in an earlier Raman spectroscopy investigation.14
The mechanism was applied to quantitatively explain measure-
ments of the rest potential after deposition, which had previously
been reported by Yokoi et al.,4 and were corroborated here. Accord-
ing to this interpretation, the rest potential is determined by the
concentration of interfacial cuprous intermediate complexes present
during deposition, along with the concentration of free ether oxygen
ligands in the polymer. For a given plating bath, the Cu+ complex
concentration is a function of applied potential during deposition or
dissolution, according to the kinetics of the two reaction steps. On
open circuit, the oxygen ligand concentration is determined by the
absorption equilibrium of Cu2+ ions in the polymer. The mechanism
successfully accounted for the dependences of the rest potential (i)
on the applied potential in a given solution, and (ii) on the deposi-
tion current density at constant potential but variable PEG molecular
weight and concentration. The mechanism suggests that the deposi-
tion rate is determined by the number of interfacial sites available
for cuprous complex formation. The number of these sites decreases
as the molecular weight and solution-phase concentration of the
polymer are increased, possibly because these factors promote PEG
film conformations that hinder exchange of metal ions with the so-
lution. In summary, the results suggest that PEG does not function
as a passive barrier, but instead forms a polymer electrolyte film in
which reactive ions are partly solvated.
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